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SUMMARY

This experimental inrestigation was conducted pri-
marily for the purpose of obtaining a method of correcting
to free air conditions the results of airfoil force fests in
four open wind tunnel jets of different shapes. Tests
were also made to determine whether the jet boundaries
had any appreciable effect on the piiching moments of a
complete airplane model.
ducted in the Aftmospheric Wind Tunnel of the Langley
Memortal Aeronautical Laboratory.

The method of obtaining the airfoil corrections utilized
the results of force fests made in each jet on three similar
monoplane airfoil set-ups of different sizes. The date
from the tests in one of the jets which was eircular were
extrapolated to the condilion of infinite air space, and the
results were found to agree with those obtained by means
of Prandtl's theoretical method of correciion. On ihis
basis corrections were then obtained for all the other
airfoil fests. :

Satisfactory corrections for the effect of the boundaries
of the various jets were obfained for all the airfoils tested,
the span of the largest being 0.76 of the jet width. The
corrections for angle of atfack were, in general, larger
than those for drag. The boundaries had no appreciable
éffect on the pitching moments of either the airfoils or the
complete airplane model. Inereasing turbulence appeared
10 increase the minimum dreg and maximum lift and fo
decrease the pitching moment.

INTRODUCTION

The results of tests on models in wind tunnels are
not directly applicable to airplanes in flight, because
tunnel conditions modify the airflow. Some causes of
the discrepancies are known, and corrections have
been derived which bring model and full scale results
into better agreement. These corrections depend upon
the particular tunnel in which the model is tested, and
are made necessary chiefly by the effects of scale,
turbulence, and jet boundaries.

The scale effect is due to the difference between the
nature of the air flow around the model in the funnel
and that around the airplane in flight. This difference
1s usually expressed in terms of the Reynolds Number,

The inrestigation was con~

avhich, for sir under ordinary conditions, is propor-
tional to the air speed and the size offthe object.
Although a considerable amount of data is available
on model tests at various Reynolds Numbers, no
general corrections for scale effect have been obtained,
because of the erratic variation of the forces with
changes in scale. A discussion of scale effect will be
found in Reference 1.

In general, no two wind tunnels have the same
amount of turbulence. The information on this
effect is very limited and no corrections have thus far
been derived. Some of the most recent work that has
been done on this problem is described in References
2 and 3.

Jet boundary corrections are necessary, since, due
to the limited cross section of the wind tunnel jet,
the model causes a deflection of the air which is
different from that caused by the airplane in flight.
This correction depends upon the relstive size of the
model and jet and upon the jet shape. In addition,
the correction is not the same for open and closed
jets. Prandil (Reference 4) has derived a theoretical

correction for this effect in open and closed jets of -

circular cross section, and an experimental check has
been made (Reference 5). Theoretical corrections for
various shapes of closed rectangular jets also have
been obtained by Glauert, as given in Reference 6.

The eross-sectionsl area of the jet determines in s
large measure the cost and size of & wind tunnel
structure, as well as the power required to operate it.
Consequently, it is desirable to keep the jet area as
small as possible, consistent with obtaining a given
Reynolds Number. A way of reducing this area for
2 given model span is to decrease the jet depth, the
width remaining the same, thus departing from the
cireular or square jets that have been common hither-
to. The ares may be reduced further by rounding the
sides of the jet. Because of the ease of accessibility
of the model, an open-jet tunnel is desirable.

Most of the more recently built tunnels have open
jets, but no corrections for jet boundary effect in
open-throat tunnels of other than circulsr cross sec-
tion have been hitherto available.
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This experimental investigation was conducted for
the purpose of obtaining the jet boundary corrections
for monoplane airfoils in four shapes of open jets.
These shapes as shown in Figure 1 were as follows:

1. Circular.

2. +/2 to 1 rectangular.

3. v/2 to 1 with semicircular sides.
4. 2 to 1 with semicircular sides.

The method used in determining these corrections
consisted of plotting the results of force tests made in
the circular jet on three similar airfoil set-ups of
different sizes. The forces corresponding to free air
conditions were then obtained by extrapolation, and
the corrections for the tests in the other three jets
were derived on this basis.

In order to obtain information on the effect of jet
boundaries on the pitching moments of a relatively

C‘;rcular' 2 tol circulor side

2tol circular

vZtol
Reofmqu!a“

D
Figurx lL—TJet shapes

large airplane model equipped with fuselage and tail
surfaces, additional tests were made in each jet on a
complete model of a seaplane.

In these tests, which were made in the Atmospheric
Wind Tunnel of the Langley Memorial Aeronsutical
Laboratory, the various jets were produced by re-
placing the regular closed throat of this tunnel with
the proper entrance and exit cones surrounded by a
rectangular box to simulate the test chamber. Figure
2 is & general cross-sectional view of the tunnel ar-
rangement with the circular cones in place.

MODELS AND APPARATUS

The details and dimensions of the four jets and
pairs of entrance and exit cones are shown in Figure 3.
The slots shown in the exit cone were to prevent
organ pipe pulsation. as explained in Reference 7.
Instead of the customary exit cone flare, a cross-tunnel
wall was built flush with the end of the exit cone pro-
viding an annular space around the cone, preliminary
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experiments on a model of a wind tunnel having shown
that satisfactory flow could be obtained with this
construction. This arrangement was used as shown
in Figure 3, because of its simplicity of construction.
The slots shown around the outer edge of the wall
allowed the spillage sir to circulate. The cones were
constructed of one-sixteenth inch sheet iron. To in-
sure the proper shape, the mouth of each entrance
cone was made of wood. A wooden test chamber was
built symmetrically about the center line of each jet,
and was proportional to the jet dimensions, as shown
in Figure 3. The test chambers weres all of the sameo
length and width, while the height was in each case
double the height of the particular jet.

The three models used to determine the correction
factors were rectangular Clark Y airfoils, built of
laminated mahogany. The chord lengths were 3, 4,
and b inches, and in each case the aspect ratio was 5.
The spans of the airfoils were, respectively, 0.45, 0.60,
and 0.75 of the width of the jets. Expanded profile
curves (Figures 4, 5, and 6) show the specified and
average measured ordinates of these airfoils. The
measured ordinates were obtained by teking the mean
values from messurements made at a quarter of the
span from each end of the airfoil. These measure-
ments were made with a dividing engine.

The complete airplane model tested was a one-
twelfth scale replica of the Navy T. S. seaplane. The
span of the model was 0.75 of the width of the jets.

The three airfoil setups in each jet were made as
nearly similar as possible in order that the results
might, be comparable without corrections for support
drag and interference. This was accomphshed by the
use of similar wing skids, lugs, links, wires, and wire
shields, all dimenstons of which were proportional to
the chords of the airfoils as shown in Figure 7. Setups
of the 5-inch chord airfoil in the various jets are
shown in Figures 8, 9, 10, and 11, and of the seaplane
in the 2 to 1 jet in Figure 12.

The wire balance used in these tests to measure the
forces on the models was similar to the one described
in Reference 8.

" In the turbulence tests, described later, the small end
of the rectangular entrance cone was covered with
chicken wire. Figure 13 is a photograph of this wire
showing the size of the mesh.

A standard Prandtl Pitot tube was used for making
the initial dynamic pressure surveys. During the
force tests the dynamic pressure was measured on a
micromanometer, one side of which was connected to
a “gervice Pitot tube,” while the other side was con-
nected to a static plate in the model test chamber, as
shown in Figure 2.

The angle of attack was initially set at 0 degree by
the use of a level that was accurate to 1 minute. The
angle was varied by means of a calibrated sector on
the lift balance,
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FiGTRE 12.—2 to 1 circuler side Jet with seaplane mo-el set-up

TESTS

Preliminary calibration tests were necessary after
the installation of each set of cones. The first fest
consisted of vertical and horizontal dynamic pressure
surveys passing through the centerline of the jet at
the location of the quarter-chord point of the models
which was sbout 10 inches downsiream from the
entrance cone. In addition, a static pressure survey
was made in each jet along the centerline from 2
inches shead of & position corresponding to the quarter
chord point of the model position to 18 inches down-
stream. :

All surveys were made at an air speed of about
75 miles per hour, except two additional dynamic
pressure surveys in the circular jet at 60 and 100 miles
per hour. These additional surveys were made to
determine whether different speeds caused any change
in the dynamic pressure distribution. This difference
was found to be negligible. The service Pitot was

next calibrated for several speeds against the integrated
mean dynamic pressure af the model position.

Alignment tests were then made in each jet to de-
termine the effective angularity of the air flow with
respect to the horizontal. A complete explanation of
these tests will be found in the Appendix.

Finally, the sirfoils were carefully aligned and tested
in each of the four jets. Lift, drag, and pitching
moments were measured at 2° intervals over an angle
of attack range from zero lift through maximum lift.
All tests were made at & Reynolds Number of 225,000,
in order to eliminate scale effect. This was accom-
plished by testing the 3, 4, and 5 inch chord airfoils

at velocities of 100, 75, and 60 miles per hour, respec-

tively.

An additional force test was made on the 5-inch
chord airfoil, for the purpose of determining roughly
the effect of the turbulence produced by a wire screen
in the /2 to 1 rectangular jet. In this test it was
necessary to recalibrate the ‘“service Pitot” on ac-
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count of the presence of the secreen. This was done by
making en additional dynamic pressure survey at the
model location. The remaining conditions were the
same as in the other airfoil tests.

As previously mentioned, force tests were made on
the T. S. seaplane model in each of the four jets to
determine the effects of the jet boundaries on the
pitching moments. The tail setting was kept constant
during these tests. The same range of angles of attack
was covered and the same measurements, with the
exception of drag, were made as for the airfoil tests.
In order to keep the forces on this biplane model
within safe limits, it was necessary to make the tests
at an eir speed of about 40 miles per hour, correspond-
ing to a Reynolds Number of 142,500.

Unusual care was necessary in making the tests in

this investigation, since the results depended upon
small differences between relatively large quantities.
The dynamic pressure was held constant to within
+1 per cent, and the angle of attack was correct
to +0.1°. In order to obtain sufficient accuracy
and to prevent erratic results, all the force tests were
made in duplicate. The resulis from the duplicate
tests were, in general, within 1 per cent of each other.

RESULTS AND DISCUSSION
Test data:

The dynamic pressure variation at the model loca-
tion for the various jets is given in Figures 14 to 17.
The results of the horizontal and vertical surveys in
each jet are plotted in terms of the percentage devia-
tion from the mean value of the dynamic pressure
obtained by integration over the region covered by
the span of the largest airfoil. _

The results from the tests are presented in non-
dimensional form in Tables I to XX, and as curves in
Figures 18 to 37. The following is a list of symbols
used, together with definitions:

|~

2
Un

C.

3

(8%

tn

q

=

—(0.05—Cx
C,= (0.25 A 100

a’ =a—arg,

Where: Cp=absolute lift coefficient.

Q

b’ =absolute drag coefficient with certain -

preliminary corrections.

Cp=absolute drag coefficient corrected for
jet boundary effect.

a,’=angle of attack in degrees measured
from zero lift.

e,=angle of attack in degrees measured
from zero lift and corrected for jet
boundery effect.
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Cic=absolute moment coefficient with ref-
erence to an axis at one-quarter of
the chord from the leading edge of
the airfoil model. In the seaplane
results this coefficient is about the
center of gravity.

C,=center of pressure location from the
leading edge of the model.

a=geometrical angle of attack as measured
with respect to the chord line.

az, =geometrical angle of attack of zero lift.

L=measured lift.
D’ =measured drag with preliminary cor-
rections.
M =measured pitching moment.
S=area of airfoil.
¢=chord of sirfoil.
g=mean dynamic pressure over span of
model.

Preliminary corrections,

Certain preliminary corrections to the test data
were hecessary .before the correction factors for jet

FIGURE 13.~Wire mesh used in turbulence tests

boundary effect could be calculated. First, the actual
angle of attack was slightly larger than the measured
angle due to the stretch in the lift wires. To correct
for this the elongation of the wires was calculated.
This correction amounted to a maximum of about
0.3°, which occurred in the case of the smallest air-
foil set-up. After applying this correction, the curves
of lift versus angle of attack still showed variations at
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zero lift. This difference may. have been partly due
to slight differences in profile, as shown in Figures4 to
6, and also to inaccuracies in the initial setting of the
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wing. The measured angle of zero lift was subtracted
from each angle of attack to eliminate this difference.
Preliminary corrections for drag were also made.

These corrections were necessitated by buoyancy due |
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to the relatively large longitudinal static pressure'

gradient in the jets, by smasall differences in the
profiles of the three airfoils, and by the effects of
turbulence.
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The effect of langitudinal static pressure variation
on the drag of an airfoil is usually neglected. In
these tests, however, it was found that the static
pressure gradlent caused differences of as much as 10
per cent in minimum measured drag. Figure 18 shows
the longitudinal static pressure characteristics of each
of the four jets. The method of correcting the drag
for this effect is given in Reference 9, and is as follows:

x=A’éE 1)

de
where z=drag due to static pressure variation,
A’ =effective volume of model,

g'z—’=static pressure gradient at any point along
the jet centerline.
Equation (1) may be reduced to the following coeffi-
cient form:
_A'dp
C=75d:"

The term %l gx was obtained as shown in Figure 18.

The effective volume A’ for an airfoil was taken as 1.1
times the actual volume. (See Reference9.) Thisdrag
coefficient increment, C;, varied with the different jets
and airfoils, but was considered practically constant at
a | angles of attack for a given airfoil jet combination.
This is not strictly true, but since the percentage cor-
rection is appreciable only at small values of drag, the
errors introduced by this assumption are negligible.
Since the static pressure decreased in the downstream
direction, C; was subtracted from the drag coefficient.
After this correction had been applied it was found
that there was still a considerable variation in mini-
mum drag. Since at the angle of attack of minimum
drag the induced drag was negligible, the variation in
the measured drag was due to other than jet boundary
effects. It will be noted that since the various en-
trance cones were all fitted to the same part of the
original tunnel throat, the ratio of the areas of the large
end to the small end of each cone was different. That
this difference probably had an effect on drag is shown
in Figure 19-A, in which curves of minimum drag co-~
efficient are plotted versus area reduction in the diff-
erent entrance cones. The individual curves show
that for the three airfoils in the same jet there is a
consistent difference which may be atiributed to in-
accuracies in the profiles. (See Figures 4, 5, and 6.)
The mean values are also plotted in the figure and
show that for all the airfoils there is a decrease in dreg
coefficient with an increase in entrance cone reduction.
The only reasonable explanation that seems to be
left is that this variation was due to differences in
turbulence in the different jets, and it may be assumed
that the turbulence decreased with increasing area
reduction (Reference 10). In addition, the recent
work of Dryden on turbulence (Reference 3) shows
that increasing the turbulence results in an increase in
the drag coefficient of airships, and he predicts in-

|
|
I
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creased drag also for airfoils under these conditions,
In order to checlk this prediction, an additional force
test wes made in the rectangular jet with wire mesh
(fig. 13) stretched across the enfrance cone, as men-
tioned above. The results of the tests on the same
airfoil with and without the screen are given in Figure
20 and Table I, and show that the profile drag, Cp,,
increases with turbulence at small lift coefficients as
predicted. Thus, turbulence mey be considered to
account. for the discrepancy between the mean drag
coefficients in the different cones. It will be noted in
Figure 19-A that the average curve of minimum Cp
becomes asymtotic at the larger values of area reduc~
tion which represents small degrees of jet turbulence,
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Thus, it appears that Cpmis.=0.0241 may be con-
sidered to represent practically nonturbulent flow, at
least in so far as small values of drag for the airfoil
set-ups are concerned.

The observed drag corrected for static pressure

. gradient was now corrected for the effects of profile

inaccuracy and turbulence by adding or subtracting
a factor which was assumed to be independent of angle
of attack, but which varied with each test, as shown
in Figure 19-A. This merely means that the drag
coefficient curves were adjusted so that all had the
same minimum value, Cpmn.=0.0241. Thus, the
data when finally corrected for jet boundary eflect
may be considered to represent free air conditions
without turbulence.

Maximum lift is also affected by profile i inaceuracies
and turbulence as shown in Figures 19-B and 20._
Howervér, no ¢orrections were derived for these dis-
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crepancies because of the critical nature of the flow at
the large angles of attack.

The differences in the dynamie pressure distribution
in the various jets, Figures 14 to 17, caused negligible
differences in the force test results. This was due to
the fact that in each force test the dynamic pressure
was taken as the mean value obtained by integration
of the survey from tip to tip of the particular airfoil.

Jet boundary corrections.

After the preliminary corrections had been applied,
the data were in the proper form for the determination
of the jet boundary corrections. The first'step taken

For open jets the corrections Ae, and ACp, are to be
subtracted from « and Cp’, respectively.
It will be seen that two factors enter into these

4
corrections, 1. e., ga.nd (%) . Of these the ratio of

the aress, §, is by far the more important, but when
A

the rs\i.tio of span to jet diameter exceeds %, the%
term becomes appreciable. -

For convenience in the following analysis, Equations
(4) and (5) may be written:

. . A
was the calculation of the corrections for the three 5¢=ﬁ )
airfoils in the circular jet by the theoretical method Ce Az
14 [ I :
2 FAa. PP st 2 S5 S A S S e | S
[ | P -
i R
A4
10 : .
7
8 . =
7.
G ? E
|t 5" Chard girfoil |
& L Q Withouf screecn
1 + With -
q [ :
) —
Y ! -
i
o Y !
-~ E 1Y
1
o o |iho2 1vo3  o0fF o5 06 07 8 88  J8 ir 2
-a2  -g8 -lo G,

G

FIGURE 20.—LIift and moment versus profile drag showing effect of turbalence in the +'E to 1 rectanguler Jet

derived by Prandt}, as given in Reference 6. The | and

method is based on the assumption of elliptical Lift
distribution over the airfoil span, and the equations are
as follows: '

se=s 5 0 @
and .
ACo=38 5 €2 5)
where .
1/, .8 (b ‘
=5 (1+15(p)+ ) ©

Ac;=angle of attack induced by jet boundaries.
ACp,=coefficient of drag induced by jet boundsries.
Cr=I1ift coefficient.
S =ares of airfoil. -
D =diameter of the jet.
b=span of airfoil.
A =cross-sectional area of the jet.

- AGD‘
T .8 8
(05 ) )
where Ay is now expressed in degrees,

8. =correction factor for angle of attack.

8p =correction factor for drag.

The values of 8. and 8, were next determined from

the experimental data. This was-done in the case of

dp

S« by extrapolating to free air conditions §=0) the

curves drawn through the values of angle of attack
for the same lift on each airfoil (see fig. 21). The

difference between the Intercept at §=0 and the
measured angle of attack of a particular airfoil was

Aey, which, when used in Equation (8), together with

'! suitable values of Cf and Z'S: gave 8,. The finsl value
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of 8, was the average obtained from the extrapolation
of the curves for 11 different values of lift as shown
in Figure 21. The same procedure was used in
obtaining &, from Equation (7), drag instead of angle
of attack being the dependent variable, as shown in
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FIGURE 21.—Angle of attack versus ratic of model area to Jet ares In clreular
Jet for determining e

Figure 22. The data for obtaining these two correc-
tion factors are given in Tables IT and ITI.

A comparison of the theoretical and experimental
values of &, and 85 for the three airfoils in the circular
jet may be made by reference ta Figure 23 and Table
IV. The agreement between the 8 and 4 inch chord
airfoil results is excellent, but for the 5-inch chord
airfoil the experimental values are greater than the
theoretical, and 5, is considerably larger than §5. This
indicates that the lift distribution over the span of this
airfoil has been modified by the jet boundaries so that
it is no longer approximately elliptical.

It was assumed, by reason of the agreement of the
theoretical and experimental correction factors for
the 3 and 4 inch chord sirfoils, that the corrected
angles of attack and drag represented free air condi-
tions for these models. The correction factors for
the other jets were determined on the basis of this
assumpdtion.

These remaining values of 8, and 5, were obtained
from Equations.(8) and (7) by substituting the proper
values of Ae; and ACp,, respectively, for a given value

of Cp. These angle of attack and drag increments

are as follows:
- Ay=aty’ — o,
_and

AOD‘= Gp' "'OD

where o’ and Cp’ are the angle of attack and drag
coefficient, respectively, as determined from the tests
with preliminary corrections applied, and where «,
and (5, are the angle of attack and drag coefficient,
respectively, for free air conditions as determined
from the extrapolated curves (figs. 21 and 22) and
from the theoretical corrections. The final values of
8. and 8p are, as before, the avérage of the values
obtained for several different lift coefficients. °
The correction factors for all four jets are plotted

in Figures 23 to 26 against the ratio of model span to
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width of jet. It will be seen that large differcnces
exist between the factors both for the various jet
shapes and also for the different airfoils. Moreover,
except for the 4-inch chord airfoil in the rectangular
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jet, & is greater than 8p. It is believed that all these
discrepancies may be attributed to the departure from
the assumed elliptical distribution of lift, and doubt-
less represent a change in the series of Equation (6).
As might be a.nticipa.ted on this basis, the correction
factors show an increase as the jet depth is decreased.
The effect of the semicircular sides on the /2 to 1

“ [T [T T T T
--|—---6 I ehoa[f cal"rec fiors factor far angle —
of attack and drag.
3 O Oa,Angle of atfack correction factor,
(axperimeniall .
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Fi5urx 23.—Coitection fsctors versus ratio of model span to fet width for
eireular Jet

jet is to decrease somewhat the magnitude of the fac-
tors as compared with those for the rectangular jet.
The validity of these corrections for angle of attack
and drag as given by Equations (4) and (5) was then
tested by using them to correct all the wind tunnel re-
sults to free air conditions. Figures 27 to 34 are curves
of lift and drag versus angle of attack and the polar for
each airfoil in the fourjets, together with the correspond-
ing free air curves for comparison. The data from

T | T
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i
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FroUre 24.—Coarrection factors versus ratio of model span te Jet width for v3
to 1 rectangular jet
which these figures were obtained are given in Tables V
to XVI. These curves to which the preliminary correc-
tions have been applied show the megnitude of the
discrepancies due to the jet. boundaries. The final
corrected results for all the tests are plotted together
in Figures 35 and 36. Each curve contains 168 points
representing 336 individual measurements. It will be
seen that the corrections are quite satisfactory up as
far as the angle of maximum lift, beyond which, as
might be expected, the points scatter considerably.

e —
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This scattering is probably due to profile inaccuracies
and to turbulence in the jet, both of which produce
relatively large changes in flow in this region. This
is shown in greater detail in Figures 19-B and 20, as
menticned above.

It bas been hitherto demonstrated both theoretically
and experimentally that the pitching moment and

K
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e d: Drog correction focfor
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Frourk 25.—Correction factors versus ratlo of model span to jet width farvE
to 1 cireulsr side fet
center of pressure remain the same for any airfoil in
either two or three dimensionsal flow (Reference 11).
In other words, these two characteristics are independ-
ent of the lift distribution. The center of pressure
curve is given in Figure 35 and the curve of moment
coefficient about the quarter-chord point, in Figure
38. No corrections were applied except for the center
of pressure which was plotted on the same angle of
attack basis as Cp and Cp. The agreement is satis-

4 d\
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FiGTRE 26.—Correction factors versus ratio of model span to width of fet for 2
to 1 circular side jet

factory, and such discrepancies as exist may be attrib-
uted also to profile inaccuracies and to differences in
turbulence. The latter explanstion is based on the
difference between the two moment curves obtained
from the turbulence tests as given in Figure 20. _

The results of the pitching moment tests on the
seaplane model are given in Tables XVII to XX and
in Figure 37, where pitching moment coefficient, Oy,
about the C. @. is plotted against Cp for the four
tests. The agreement may be considered satis-
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factory with the exception of the tests in the 2 to 1
circular side jet. In these tests the upper wing of
the model was apparently too near the bottom of the
jet, as shown in Figure 12, and hence was probably in
a region of low velocity. As the angle of atteck was
increased the wing was raised into & region of higher
velocity, which would account for the better agree-
ment in the moments at values of Cy, greater than 0.8.

It is evident that the change in lift distribution pro-
duced by the jet boundaries did not appreciably
modify the downwash, and consequently the pitching
moment due to fuselage and horizontal tail at & given
lift coefficient, was independent of the shape of the jet.
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Fiaurg 37.—Plfching moment versus Itft for T. 8. seaplane madel in four Jets

Lo

However, if it were desired to plot Cx against «, it
would be necessary to correct for the angle of attack
increment, Acq;, induced by the jet boundaries.

CONCLUSIONS

1. The method used in this investigation has made
possible the experimental determination of jet boun-
dary corrections for monoplane airfoils in open jets of
four shapes for ratios of model span to jet width up to
0.75.

2, Prandtl’s theoretical method of correcting for jet
boundary effect in circular open throat tunnels may be
considered satisfactory for monoplane airfoils whose
span is not greater than 0.6 of the jet diameter.

3. The experimentally determined correction factors
for angle of attack were, in general, greater than those
for drag.

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

4. Jet boundaries had no appreciable effect on the
airfoil pitching moments or center of pressure within
the limits of the investigation.

5. Jet boundaries also had no apprecieble effect on
the pitching moments of & complete airplane.

6. Increasing turbulence appeared to increase the
minimum drag and maximum lift, and to decrease the
pitching moment. )

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,
NarTioNalL Apvisory COMMITTEE FOR
AERONATUTICS,
Laxerey Fierp, Hampron, Va.,
- April 16, 1980,
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APPENDIX

Balance alignment.

If the direction in which the lift is measured on a
wind tunnel balance is not normal to the effective
direction of the air stream over the airfoil, the angle of

Invertfed A=R Narmal
L =R'cos(@+c} Ao L =R cos(f -¢
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Figurx 38.—Force diagram for allgnment tests

attack, lift and drag as measured will be incorrect.

This error may be eliminated by making two tests,

one with the airfoil in the normal test position, and
one with it inverted and averaging the results,

B+¢) (wheré g=cot %) For the maximum

values of 1‘%1 g is & minimum and, therefore, the same
for both positions, and

oL L
e='cot i (ﬁ)max.-—cot 1 (D)mx..
2

A simple graphical method of obtaining ewhen (]%)max.

and (%)max. are known is given in Figure 39, which is
self-explanatory.

If the two % curves are plotted egainst indicated
angles of attack, & curve drawn through the mean

values of the points will approximate the true % curve.

The error In maxmum % is then the difference be-

tween the maximum value of either of these curves
and that of the mean curve. In addition, the angle
which the lift members of the balance system mske

It appears that this method was first used by %

Eiffel in 1910 (Reference 12).
It is not necessary to use this double test p

AN

method in all tests if the balance is once

N

properly aligned. This can be accomplished by

a

making one set of airfoil tests in the normal and
inverted positions, and calculating therefrom the

amount by which the balance is misaligned.

Y

The balance system can then be adjusted and the

results of tests with the airfoil in the normal
position will be correct. An oeccasional check

-~
>y

test will enable the proper alignment to be

LD max. = Cof £

maintained.

3

A satisfactory method of determining the
direction of the air sireem Involves the use of the

ol +¢€)

values of maxdmum % for both the normal and 9

inverted test positions. If the center line of the

wind tunnel jet be taken as a convenient arbi- g

trary reference for initially aligning the balance
system, the angle, ¢, between this line and the
effective wind direction will modify the meas-
ured lift and drag as shown in Figure 38. From the
figure it will be seen that for the normal test position

r
%=cot {8—e) and for the inverted position J%=cot

4 5 6* 7
Angle 8
Ficure 38.—CGraphlieal method of obtaining the angle ¢

with the normal to the effective air stream direction
is approximately the difference between the angles at

which %=O for either experimental curve and the
82¢
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mean curve. However, this simple method of obtain-
ing the angle of deviation should be used only as &
rough determination, since the experimental errors in
setting the angle of attack are usually considerably
larger than the maximum allowable deviation which,
in general, should not be greater than +0.05 degres
for airfoil tests. For accurate alignment, the method
involving the use of maximum % ghould be used as
explained above. However, exceptional care should
be taken in obtaining these maximum values of %

In the foregoing investigation the accurate method
was used in aligning the balance system in each jet.
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Force tests were made on the airfoil in both normal

and inverted positions, and the corresponding values of

%w'ere obtained. The angle, ¢, between the cffective
air stream direction and the center line was thon deter-

mined on the basis of the differences in maximum

% for the two. tests, and the direction of the lift wires

was changed accordingly. This was most easily
accomplished by multiplying sin e by the weight used.
The result represented the component which the drag
balance should read when the weight was in place on
the airfoil. The length of the drag wires was then
adjusted unti]l the tare with and without the wolght
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The 4-inch chord airfoil was mounted in the tunnel
with a duplicate set of lugs on the upper surface. The
center line of the jet was taken as the arbitrary base
line. The length of the lift wires was first adjusted
to bring the drag wires into the horizontal plane of
the jet center line. The lift wires were then made per-
pendicular to the horizontel base line in the following
manner: First, the tare drag was measured, then a
weight was placed on the airfoil and the drag meas-
ured again. Any difference between the two readings
was eliminated by changing the length of the drag

wires, and thereby shifting the lift wires until the tare ;
drag was the same with the weight either on or off.

angle of attack

differed by this amount. Since in these tests the forces
wera taken only over the angle of attack range from
zero lift through maximum lift, it was not necessary to
realign the drag wires because the drag forces were so
small that the component in the lift direction was
negligible. Figure 40 shows the measured lift and
drag as obtained from the tests in the two positions
plotted versus indicated angle of attack @. From the

- L . .
curves of p versus a, Figure 41 the maximum values of

i % were taken. These values are shown in Figure 39
* as cot (8—e) and cot tﬂ+e): This figure shows that '
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the angle, ¢, in this particular cese was 0.62 degree. TABLE IIL—FORCE TEST, CIRCULAR JET S
The sense of this angle was as shown in Figure 88, so (Data taken from falred curves for determination of ép) o
that to align the balance and airfoil with the wind Dl
direction the airfoil was moved upstream until the '{.u 2. by 154n. slrfoll | 4. by 500, atefoll | S by %-in. alrfoll o
lift wires made an angle of 0.62 degree with the vertical. Ce ) o
The difference in the tare drag readings with and with- Co | Co’ |[ACo| 8o | Cp' | &Cp| ¥ | Cn’ | ACR| dn P
out a 2,000-gram weight on the airfoil was: s
¢l 0. 0219 0. 0250 2. 0250 T
5 Ao b T AT KT R T T =
. 028 . - .
ADr=2,000 sin 0.62 degree el .0820 | S0333 | .0013 | .17 | com2l. .150 | sosst | . . -
AR (R R R R E IR --
=21.5 grams. BERIR T 10| ‘osez | looe0 | 1133 | -osu | -0w02] 16 -
8| loots | Tossa | Joodt | lysé | lom7 | lore | 113840 1020 | C1d2 -
The angle was such that the tare drag was greater with £o :gm:; jﬁ?ﬁ - :Illg, ot [ Bioe | 18 % :%ﬁ i B
: : - - . - - - E3E ] . - .
the weight in place. L2 1316 | Jra20 ! Jon06 | C7a1) lrsos | oiss | [143 | .1eco | .0285 | (138 o
In some wind tunnel installations it is not possible Av 125 T ; a2 o
to align the balance with respect to the airstream. In CmT
. - - -
this event, after the angle e has been determined, the =0 represents troe alr conditions. =
true drag may be obtained by correcting the measured .
drag in the following manner: TABLE IV.—CORRECTION FACTORS
. . ACo A
D=D'+Lsine. wegy oI _
. - L3 o —
Whether the drag correction is to be added orsubtracted c——
Bn by lfin. | 44n.by20in | 5o by2sn
from the measured drag depends, of course, on the A oy X oy = =
sense of e. Jet shape —
- i éx éo [ én ‘a: .
TABLE I.—FORCE TEST EFFECT OF TURBULENCE . ——
f ¥ to 1 rectangular fet; §4n. by 25-n. Clark Y aisfol Cireular fet: :
Y § v ! Theoretlcal ...t €128 | .18 | 013 | oq2 | 0138 | ¢.132
ental. ... 125 127 137 . 142 i :
Without screen With screen al01 gidejot_ | .235 .388 .215 .02 . 198 .39
yTtolcrenlarsidefat.] .IT0 | .2490 | .180 { .I183 | .18 | 194’ .
- YZtolrectanguiarfet.| .210 | .30t | .08 | .200 | .200 | .2; )
d:& C Ca | Cb, Cit |gegt C& co | Co, Cut
| ; TABLE V—FORCE TEST, CIRCULAR JET
oihm oo o tlom | om oo o o
Zaj .ms! loze| loz3| —o0s%0 | ~2; .2201 | o283 | o7 | —oe13 | @in. by 15in. Clark ¥ alrfol) -
0| m:e: .m0 .02m | — 0 3305 | lo335| o225 | — 0506 - -
BRI I et wtw| o | | ] o | o lawm
Y e et v peor R Wil Mukoundl Mhoad Aiibhands :
8| ‘ms5) loms| lomel —0.60 | 0.022 | —0.00 |—0.0725 | —L883 | 00283 ; —0.50 3
10| -osef r1008| ok | —Gess |10 9345 | L1087 | .025¢ | —.0630 +L45 | . +.09 | -0 +.967 | L0240 | 4L4L
12| 10351 .1830| .0308 | — 067 ] 347 | .G200 288 | —.067 LS4 L L0256 3.28 ~
14| Li28; [1565| -03%3 | —.06r7| 14, LI81| 1854 | .0333 | —. 068 G5 | -mu | ‘3 |- 4z | lmn | KW
16| 1200 .1800) . — 0081 | 18| L21I| .1812| .041Z| —. 060 7.5 -9 N .378 -g8L . 7.35
R R R AR B g aR|oglcE k) —
L1 - : - i : - — 0918 186 | 080 L@4 | — o654 =g . | 1538
.70 [ -1044 | L0832 | —o0&7 | 314 | L0053 | I&3L
iR | B e Rl s
TABLE IL.—FORCE TEST, CIRCULAR JET BR | E | IR cE) R EE ES
(Data taken from fafred curves for determinatfon of 8,) g : L3 | — 1100 ‘T o811 | %10
. _-._s'_of #in. by I15-in. #in. by %in. 5in, by 250, .
: 4 airfofl airfolt alrfoll TABLE VI.—FORCE TEST, CIRCULAR JET
. Ci :
i D ad ¢ + (4-in. by 20-in. Clark Y alrfoll)
i G deg [l G |t % dg || %
; N ad’ deg. Cpo" Co I (%7 Cy Cp a« dog.
e1| 142, 1.45|cos|omz| res|oos|oiis] LeT)ois{oiss . !
3| 2810 259 o8] .138| Foe| 18| .18] Foa| .38y .18 i
3| Lm0 ene| 2| lme| 44 m| | Leal lal o —o50 | oo |[—0.038 —oors | —L7as | oo | —048
4| se6 &Te| 18] .12zm| B&T| . 134 a3} E2; 158 +1.62 .02l [ 4102 . —0674 | -F.OW0 L0241 | }L45
| 8| 7oo: Zie| c1ef Jief zasl lmf lmi 7] el les Eos | (oo | .m0 | —oeas | .m0 [ o2 | a3S
, 6| %40 geof t20! lus! gl lm; l g2 | lmm ! 556 | .03@ | .38 | —oedr | las | o2l &3l
7| w80 a008| o) (136l 129! la9f T134) 08| Coa| ligs | .38 | lmwr | lms | — oo | T
B[ 1LY 1157 .86; .127| 1L8L| .56} .130| 1249|L2d] .186 , 0. 60 -0n23 . 6568 l—.m 349 L0474 0.17
o) wmn oz lm) ol m4s; e8] J1se| 1ois|rde) lise | 162 | .o&r | 788 ! —losss | | loes | 1pl1
Lo 140! 17| 37| : sl @) tme| we| v lis Bet | cess |l lou | o | lzm | lom | 1w
11| 16131658  Ja5) [0 ot} css| lm3| 1meo| i lle7 | 1508 | ‘1058 | Lo |-~o0e | lms ! loms| 149 |
i 1168 | .12 | L132 | —.0885 [ .31 | L1286 | 1604 !
| Av. 1 m .12 . ! e | med | 122 |—ooe | 3 | i | iR |
! : i oues | I3 | 1210 | —o8s | 36 | 1676 | 0.9
- : e | lmg | L |- | tas | e
g—ompxesentatteenlrmndltlons. .68 - L12% | — -3 y ne -
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TABLE VIIL—FORCE TEST, CIRCULAR JET TABLE XI.—FORCE TEST
(6-in. by 25-in. Clark Y alrfoll) (-y’? to 1 olrcular side Jet; 3-In. by 15In. Clark Y ntrfall)
ad’ deg. cr' ‘Cr Cu Gy Cp aq deog addeg. | Co' CL Cu Cy Cp ae dog.
—.48 | 0.0251 | —0.028 |-c.o718 | ~Lag1 | o028l | —Q 4 —0.00 | 0.0258 | —0.087 |—G.O730 | —1.720 | 0.09%8 | —0.36
L6 | .0241 | +.009 | —.0681 940 | 020 | 1.8 +L43 | .02 | +.008 | —o6m | +90 | Lomi0 | i34
a6 | 0254 235 | —. 85 | o2 | B2 547 | ozsd .23 | —. 0851 .8 | loms .38
556 |- .0308 .368 | —. 0859 42 | Ce280 502 L& | . 878 | —. 0642 422 | Lomoe 518
.5 | L0411 1500 | —. 0670 388 | .ose2 6.84 7.55 | L0384 512 | — 083l ms | Loae 7.
o.50 | .0530 <624 | — 0674 858 | loms 868 0.5 | -os511 L6841 F—. 0628 L348 | L0460 8
.60 | .0673 744 | — o683 843 | Cose0 | 1083 1.63 | .0067 .8 | —. 0635 (a2 | Josp9 | @1
1361 | .0848 885 | — 8277 | ooes | 1238 18.66 | .0853 005 | —. 0681 320 | oo | 128
1563 | 1082 Jo85 | —. 0679 810 | .o%e0 | 1419 e | .1038 | Lom | — oms 88 1 l0023 | 1476
17.68 | .1982 | L1085 | — oo91 B4 | L100 | 1600 wn | . 112 | —. 0636 207 | a0 | e
Wed | .im2 | riss | —.0m08 30 | 2w | T 10.74 | .1460 | L.100 | — 0829 L808 | .18 | 18es
3165 | .1762 | 1.984 | —.0708 507 | 142 | 1088 2L7¢ | o185 | L1900 | —.0781 818 | s | 2060
2.5 | .2m2 | L1330 | —sm 818 | (18 | 2L 27 | . L1e0 | — o913 Bl | 2e
25,64 | .2402 | L1905 | —. 0981 a2 | L2z % 25.72 | .2661 | 1108 | —. 1039 a4 | 3 co
TABLE VIIL—FORCE TEST TABLE XII—FORCE TEST
(42 to 1 rectangular jet; 8-in. by 15in. Clark ¥ afrfofl) (VT to 1 circular side Jet; 41n, by 20-fn. Clark Y airfol)
! |
ad deg. i (% CL Cu I (5 Cp aq deg. ad’ deg. Cp’ [/ Cu Cy Co aq deg.
A -
—0.65 | 00271 | —0.041 |—0.0732 | —L5i8 | aogr1 | ~oe1 - _ - -
+1.38 | .24l 002 | —o0o77 | +.685 | L0241 | 129 Jra | ele | B0 x| e | e
.42 | L0260 257 | — o641 638 | 0283 820 Tl s e | T oe 5 B 539
545 .88 | — -425 | 0205 509 Eg4 | L0299 2360 | —. 0046 40 | Toms 506
7.5 | s L 505 0616 312 | losed 7.00 g+ 0400 ool I it s it e
9.54 | 0515 643 | — 34 | loae7 & 91 - - . - . .
9.58 | o8 1623 | —. 0064 iz | . .76
1L.67 [ L0066 |- . L5 | 1081 e per] Ll 1 A
el | . 1004 | — 317 | lorer | 1272 3 ‘3 | 2o | o | B
ned | .1086 | 1.018 | — . o | 14es eal 5 g | Do R I
17.67 [ . Lie | —. 507 | l1000 | 1028 R R 2| T | B
1960 ! L1476 | LIe | — ;300 | 1308 | 1883 neg | AR ¥ AR %]
e | (88| L -0 | .3 R grer | e | ris | - s | i3 [ s
29| ;8| Ll -0, B - 2k wes | .21 | ni70 | — o083 a3 | Ll 1
. - P . a6es | .2580 | 1120 | — 1008 30 | ima | aLas
TABLE IX.—FQRCE TEST
_ TABLE XIII.—FORCE TEST
2 to 1 rectangular jet; 4-1n. by 20-{n. Clark Y afrfoll
Wz fet; v ) (+/2 to 1 direular side Jot; 5n. by! 2idn. Clark Y alrfoll)
' & cr’ c Ci C c deg.
e de i * 4 i s aldeg. | O c Cx G Cp | eeder.
=063 | 0.0259 | —0.038 |[~0.0720 | —1.646 | 00268 | —0.59 -
41.89 | 0241 | --.004 | —o6B6 | +.9%0 | .00 | +L98 —0.52 | 0.0259 | ~6.031 |—0.0710 | —a0i0 | ooz | —os
a4 | -0268 928 | — 065 JB45 | oame 215 4140 | .02 | .09 | — 0678 | +1.004 gm | +L%
548 | -0314 356 | —. 0645 a2 | o8 L2 260 | .o26 .24 | — 068 S| d S
7.45 | .00 402 | — 0618 381 | .o3m1 687 582 | o308 343 | —. 435 | @8 | 49
o4 | . . —. 0854 ~38 0448 876 8 | Lo €70 [ — 300 | .08l 6. 56
11,49 V750 | — 0671 840 10,61 o5 | 0sn 1595 | —. 0046 a5 | L0400 832
T TN <875 | —. 0080 . o710 | 1240 iLss | .ot .10 | —. 0853 42 | loAm | 1007
15.58 | .1082 . —. 0633 810 | losve | 1dar 88 | osp 828 | —. 0048 (228 | L0840 [ 1L&7
17,54 1804 | Lows | — o678 a2 1025 15.58 | 1058 9% | —. a0 [ .o | mes
10.56 | .1 L1 | — 0897 2900 | 124 | 110 1.5 | .19 ! roas | —. 0668 Bl | J0MD | 1545
ans6 | .18714 | 1iss | — o815 a0 | . 1 oo | ‘e | Lis2 | —o06i3 309 | .0136 | 1798
2.8 | . 1960 | —. 0805 e | =g Zel | e | Law | —000 (208 | L1z 1012
2505 | o284 | Tis F— 1090 844 | . ® W | s | -0 b YO ST j o
TABLE X.—FORCE TEST TABLE XIV.—FORCE TEST
(+/2 to 1 rectangular jet; 54n, by 26-in. Clark Y alrfofl) (3 to 1 clrcular side Jet; 3-in. by 1540 Clark Y aitfoll)
ad deg. Cp’ CL "Cu Cy Cp aq deg. ad deg. | Cp’ [/ Cu Cy Cp ae dog.
—0.60 | 0.0200 | —0.036 |—0.0713 [ —1720 | voozeo | —o.58 —0.45 | 0.0235 | —0.0%8 |—0.001 | —n886 | o.imss | ~0.3
141 | L0241 080 | —o67¢ [ 41,007 | .0240 | +1.23 L& | o241 | +.008 | —o067 | 081 | Lome | +rz0
142 | .ee a8 | - 866 | L0249 200 a6 | .02% .22 | —. 0621 Y I £18
544 | .0314 538 |~ 42 | lees0 78 565 | .oa08 3% | —. 0007 424 1 0281 L9
7.45 | odn A | — 288 | o343 850 160 | o005 484 | —.oc2t 3718 | loa4s an
048 | .0%8 . iy 200 | 0428 827 €72 { .0520 618 | —. o507 M7 U 840
1.47 | o601 716 | —. 0648 340 | os81 | 1008 76 | .0065 | o739 | —. a0 ! 10.98
18.40 | & . ~. 0620 5% | .oeel | 1L 81 18.79 | .0848 85 | — 30 | .ocse | 1xo7
16.50 960 | —. 0850 . 18.61 683 | .1050 071 |- 0618 84 mis | 138
a1 ) o818 | 1085 | —. a5 | loss2 | 1548 17.85 | .1260 | 1.070 [ —.0610 307 |1 18,71
1062 [ L1860 | -L128 | —. 810 | T1148 | 7.2 19.88 | 1480 | 1160 | — 0500 303 | .ueo7 | 1m
2058 | L1788 | L300 | —. 0681 307 | i1am | 10 3,88 | .1785 | 1188 | —. 0887 2306 . .1466 | 10081
25,83 | .9086 | 1220 | —. 0743 a1 | et | suer 23.88 | 2180 | 1165 | —. a0 | s | anss
95,62 | .2498 | L1185 | —oss a5 | . %13 2.8 | .as70 | 1105 | —o0i0 e BR| B

o




633

ATRFOIL TESTS IN FOUR OPEN WIND TUNNEL JETS OF DIFFERENT SHAPES

ORI

po— . !».._,m e s Lsm
S M_. rr _._M_ d m___u rr _.m |8 am. _.m_M _.m_ r
H % c) — o)
M §|o|RamEse | 4§, | essagen | G 3| | cEmseas
H m =] el H © St teee 3 © CRRE
s {1 o Il 3
g 2 2 REERER © o | 89938399 | Q ¥ ¥ | eeeeeee
B g |y | Heseas O g |y | HesERRd | S el LEREELTS
[ t_.. g 4 & |=
2 - e f w. 010 65 o m. b
m W a mﬂmm Sl E%e Mm_m.mm..ﬁ SRR ﬂmmmmmm
£ SEEEL] 5 m §28 m .m 2283235
s | o | £883888 5 | o | EBER = | o | EBBRE
v | 2| greeeee $ | essssss 3§ | zeeeees
N ﬂﬂaa.‘av_ 5 ,W_...&afmu Y ..ﬂﬂ&a...ln_
g | 2n83828NnR=RLS ¥ | srguseassaesys | 2 [ o
R ESREELEEFELER 5 | fgeveradadendd | B a mmmm 194
] R reeeatses I | noa prewem— I T
o 9| ¢ | SBIGBEERERNNER | L 5| o | SNBEIEuEEREEE | o -
Sv.. A A A A wm b S Pt a .mmﬂmmm
23 2 )
W__ m e & P R N
» | RRESEBREANREAE | 4 O | o | EHSY¥SESNENE8E | O L |- ..
£ G| g inniinnaney G | GoRNRARRSRAaAR - 3
o 13 SF i+ £ %) ¢ | vruarey
Sk v renmen | © & — — 4 m S | #esdig
% 3| o | GoRNBIBEESERES | T | o | CSemmmesmamy | D E|LL
P L SrrcrrecriirT B 8 8388
. 2§ LTI 8 ) T angggng
w3 | g | BERKY4RYEENRAAE | T S| , | S2323WSSEYERER | O © ¥
3 g3 AR E g F£ T A | — e
Bm . - - | ®E o 83
- I . = -~ £ | g | 3EARNES
5| o | udeqnERdREERE | £ o) v | EEBSEBGEERAENY | Mk
g | 33821838y ¥ | 2smB3soBIB8UEE | @ T | Sdduray
v | fEeeeeHdtuddn | PEtdsdadendEdd | o | 8| T T




